The Ras-ERK pathway is deregulated in approximately a third of human cancers, particularly those of epithelial origin. In aggressive, triple-negative, basal-like breast cancers, most tumors display increased MEK and ERK phosphorylation and exhibit a gene expression profile characteristic of Kras or EGFR mutant tumors; however, Ras family genetic mutations are uncommon in triple-negative breast cancer and EGFR mutations account for only a subset of these tumors. Therefore, the upstream events that activate MAPK signaling and promote tumor aggression in triple-negative breast cancers remain poorly defined. We have previously shown that a secreted TGF-β family signaling ligand, Nodal, is expressed in breast cancer in correlation with disease progression. Here we highlight key findings demonstrating that Nodal is required in aggressive human breast cancer cells to activate ERK signaling and downstream tumorigenic phenotypes both in vitro and in vivo. Experimental knockdown of Nodal signaling downregulates ERK activity, resulting in loss of c-myc, upregulation of p27, G1 cell cycle arrest, increased apoptosis and decreased tumorigenicity. The data suggest that ERK activation by Nodal signaling regulates c-myc and p27 proteins post-translationally and that this cascade is essential for aggressive breast tumor behavior in vivo. As the MAPK pathway is an important target for treating triple-negative breast cancers, upstream Nodal signaling may represent a promising target for breast cancer diagnosis and combined therapies aimed at blocking ERK pathway activation.
Nodal is an oncofetal protein
Normally expressed during early development, Nodal is essential for supporting an undifferentiated state in embryonic stem (ES) cells and for endodermal and mesodermal differentiation, including epithelial-to-mesenchymal transition (EMT) [1] , processes which are reactivated in aggressive epithelial-derived cancer cells [2, 3, 4] . Recently, Nodal expression has been shown to reemerge in a number of cancerous tumors, including melanoma, breast, pancreas and prostate, where its expression level appears to correlate with tumor grade [5] [6] [7] [8] , although the mechanisms by which Nodal signaling promotes cancerous growth are not well defined.
Canonically, Nodal signals by partnering with its co-receptor, Cripto-1, to activate Smad2 and Smad3, thereby stimulating downstream gene transcription and promoting specific developmental outcomes. During development, Nodal signaling is restricted by an inhibitor, termed Lefty, which is co-expressed in ES cells and attenuates Nodal signaling as differentiation begins [1] . Importantly, unlike developing embryonic cells, breast carcinoma cells do not express Lefty, thus emergent Nodal signaling and the Nodal-driven plasticity program proceed unchecked during tumor growth. Furthermore, culturing cancer cells in the presence of Lefty is sufficient to inhibit both Nodal expression and tumorigenicity [9] .
While we have previously shown that Nodal expression correlates with tumor stage, the mechanistic requirement for Nodal in breast cancer development has not been defined. Interestingly, Nodal and other TGFβ family members have been shown to cooperate with MAPK cascades to regulate developmental and pathological processes [6] . Further, the mechanisms underlying MAPK activation in breast cancer are incompletely understood, yet critically important for treating the disease. In this review, we report that Nodal signaling is fundamentally required for the aggressive phenotype of human breast cancer cells, both in vitro and in a mouse xenograft model. Most noteworthy, our results indicate that Nodal signaling maintains breast carcinoma tumoriogenicity through activation of ERK and downstream regulation of c-myc and p27 protein expression.
Nodal knockdown impairs growth in breast cancer
Previous studies from our laboratory have demonstrated that human breast tumors and aggressive breast cancer cell lines express Nodal in correlation with tumor grade [9] . More recently, we found very high expression of Nodal by immunohistochemistry in a series of 20 triple negative breast cancer biopsy samples compared to weak or almost undetectable Nodal staining in biopsy samples of benign breast disease used as control ( Figure 1A) . To investigate the functional requirement for Nodal signaling in triple negative breast cancer cell behavior, we used shRNAs to knock down Nodal expression in MDA-MB-231 and MDA-MB-468 aggressive breast cancer cell lines and observed decreased Nodal protein expression accompanied by decreased Smad3 phosphorylation at Serine 423/425 in Nodal knockdown cells, indicating both effective knockdown and that Nodal signaling is essential to maintain Smad3 phosphorylation in these breast cancer cell lines ( Figure 1B ). Further, Nodal knockdown led to growth suppression in both cell lines when compared with controls ( Figure 1C ), increased apoptosis and decreased overall viability ( Figure 1D ). Additionally, Nodal knockdown cells incorporated less BrdU than controls, demonstrating that reduced proliferation ( Figure 1E ) accompanied by increased apoptosis reduces overall cell growth in the absence of Nodal signaling.
To determine whether Nodal signaling is required for other aggressive characteristics of breast cancer cells, we performed invasion assays in a laminin IV/collagen matrix and found that Nodal knockdown cells were significantly less invasive than controls for both MDA-MB-231 and MDA-MB-468 cells ( Figure 1F ). Finally, Nodal knockdown impaired clonogenicity in soft-agar assays, indicating a loss of breast cancer cell self-renewal in the absence of Nodal signaling ( Figure 1G ). Together, these data suggest that Nodal signaling is required for viability, proliferation, invasion and self-renewal of triple negative breast cancer cells lines.
To assess whether Nodal is essential for breast cancer progression in vivo, we used a mouse mammary fat pad xenograft model to measure tumorigenicity of MDA-MB-231 or MDA-MB-468 cells transduced either with shNodal or control in immunocompromised Nude mice. For both cell lines, knockdown of Nodal expression dramatically slowed tumor growth compared with controls ( Figure 2A, B ). For the MDA-MB-231 cell line, Nodal knockdown also suppressed tumor engraftment, with only 5/20 injections giving rise to tumors as compared with 19/20 for control cells ( Figure 2C ). Additionally, tumors that did form were histologically less organized in the absence of Nodal expression ( Figure 2D ). For MDA-MB-468 cells, Nodal knockdown dramatically suppressed tumor growth, although, interestingly, overall tumor engraftment was not affected during the period of observation, potentially highlighting differences in genetic mutations between the two cell lines.
Downregulation of Nodal alters cell cycling in breast cancer cells
Since a decrease in proliferation was observed in the absence of Nodal, cell cycle analysis was performed and revealed a striking upward shift in DNA content in Nodal knockdown cells after several passages ( Figure 3A ) accompanied by substantially larger nuclei ( Figure  3B ). To better characterize a possible cell cycle defect, we synchronized knockdown or control cells immediately after viral transduction by double thymidine block and nocodozole arrest, followed by release and DNA content analysis every 2 hours by flow cytometry. Control cells displayed a prominent 4N peak immediately after release from nocodozole arrest, and then proceeded to shift over time to 2N DNA content consistent with progression to G1 after mitotic arrest ( Figure 3C ). In contrast, MDA-MB-231 Nodal knockdown cells produced a 2N peak after nocodozole arrest, which never shifted toward 4N content over 14 hours of observation, suggesting G1 arrest. These data appear at first to conflict with increased DNA content observed after several passages; however, polyploidization has been shown to accompany G1 arrest in breast cancer cells in some circumstances, including increased expression of the cell cycle inhibitor p27 [10] . Interestingly, MDA-MB-468 Nodal knockdown cells displayed a peak at 4N upon release from nocodozole arrest, indicating synchronization in G2/M and ability to cycle; however, these cells were much slower to progress into G1 and through G1 than controls, possibly indicating mild cell cycle defects. These data are consistent with the observed incorporation of BrdU in MDA-MB-468 Nodal knockdown cells and, together with growth and apoptosis data ( Figure 1) , may indicate Nodal loss produces a strong apoptotic response and mild cell cycle defect in MDA-MB-468 cells, while MDA-MB-231 cells respond to Nodal loss with cell cycle arrest more than apoptosis.
Changes occur in cell cycle regulators in the absence of Nodal signaling
The observed changes in cell cycle regulators in the absence of Nodal signaling required further validation. Therefore, to confirm the observed G1 arrest, we performed Western blot analyses and observed diminished Cyclin B1 and Mad2 proteins in both cell lines, with concurrent upregulation of p27. We further observed decreased phosphorylation of Rb on residues 780 and 807/811 in the MDA-MB-231 knockdown cell line ( Figure 4A ). All of these data are consistent with G1 cell cycle arrest. Interestingly, p15, another cell cycle regulator that can be targeted by the TGF-β family, was unaffected. As increased p27 expression is associated with G1 arrest and increased nuclear size, our results correlate with G1 cell cycle arrest in Nodal knockdown cells mediated in part by increased p27 expression. Protein levels of the primary p27 ubiquitin ligase, Skp2, which targets p27 for ubiquitinmediated degradation, were not changed, suggesting that p27 protein levels are increased by other mechanisms in Nodal knockdown cells.
Additional investigation focused on subcellular localization of p27, which can regulate its stability and function [11] . Immunofluorescence labeling suggests that p27 protein is indeed increased in Nodal knockdown cells and localizes to the nucleus, similar to the localization observed in control cells, suggesting that mislocalization of the protein is not responsible for its increased expression ( Figure 4B ). Quantitative real-time PCR analysis of p27 mRNA expression demonstrates that increased p27 mRNA in Nodal knockdown cells may contribute to the increased p27 expression observed in the absence of Nodal signaling ( Figure 4C ). Interestingly, our findings indicate that breast cancer cells may require Nodal signaling to suppress p27 protein levels in vitro, thereby obscuring cell cycle control and permitting proliferation. To determine whether Nodal signaling may regulate p27 during tumorigenesis in vivo, we performed immunohistochemistry for p27 on breast tumors generated in immunocompromised mice with control or Nodal knockdown human breast cancer cells. Consistent with in vitro data, tumors from mice xenografted with Nodal knockdown cells display increased protein expression of p27 when compared with controls, suggesting that Nodal may be required to suppress p27 expression during in vivo tumorigenesis ( Figure 4D ).
An inverse regulation of c-myc and p27 occurs in Nodal signaling
P27 functions as a cell cycle inhibitor by sequestering cyclin A/cdk2 and cyclin E/cdk2 complexes, which are then unable to promote progression through G1 and into S phas [11] . To assess whether increased p27 interacts with cyclin E in Nodal knockdown cells, we immunoprecipitated p27 from control and Nodal knockdown cells and performed Western blotting for co-precipitating cyclin E and cdk2 proteins ( Figure 5A ). Although protein levels of cyclin E and cdk2 are similar between control and knockdown cells, the amount of cyclin E and cdk2 associated with p27 is significantly greater in Nodal knockdown cells than in controls, suggesting that increased sequestration of Cyclin E/cdk2 by p27 may prevent entry into S phase in the absence of Nodal siganling.
As a potent cell cycle inhibitor, p27 protein function is regulated by many mechanisms, including transcription, degradation, protein interactions and multiple, complex combinations of post-translational modifications (PTMs). To assess whether Nodal signaling may modulate p27 function post-translationally, in additional to its observed transcriptional effect, we performed two-dimensional Western blot analyses for p27 in control and Nodal knockdown cells ( Figure 5B ). These experiments demonstrate that p27 PTMs are indeed altered in Nodal knockdown cells, most likely through changes in phosphorylation events [12] . Additionally, a lower ratio of p27 phospho-isoforms 1 and 3 has been shown to correlate with aggressive breast cancer cell behavior [12] . As Nodal knockdown produces an inverted relationship between isoforms 1 and 3 when compared with controls, these results are consistent with our functional data and suggest that Nodal signaling functionally regulates p27 through multiple mechanisms to permit a cancerous phenotype.
To determine whether p27 downregulation is the primary pro-tumor function of Nodal signaling, we attempted to rescue cell growth in Nodal knockdown cells by downregulating p27 expression with siRNAs. Although p27 protein was reduced by siRNA transfection, growth was not restored in Nodal knockdown cells ( Figure 5C ). The inability of p27 knockdown to rescue cell growth in Nodal knockdown cells may indicate that knockdown cells have entered states of apoptosis or senescence and are thereby unable to respond to p27 knockdown during the period of observation. Alternatively, Nodal signaling may promote a pro-growth program further upstream of p27 and through additional downstream effectors.
Especially noteworthy in this cascade is c-myc, the most commonly activated oncogene in human cancers that regulates thousands of genes involved in tumorigenesis, including p27, by acting as an amplifier of transcriptional change [13] . Because c-myc is also a known transcriptional target of TGFβ family signaling [14] , we assessed whether c-myc protein levels are altered in Nodal knockdown breast cancer cells and observed marked downregulated in Nodal knockdown cells ( Figure 6A ). Interestingly, c-myc mRNA levels are not significantly altered between control and Nodal knockdown cells ( Figure 6B ), suggesting c-myc may be regulated by post-transcriptional mechanisms downstream of Nodal signaling in breast cancer cells. C-myc is indeed an extremely labile protein and is dynamically regulated by PTMs, including multiple phosphorylation events that control targeting for degradation. By 2-dimensional Western blotting we observed a difference in the c-myc protein profile in Nodal knockdown cells when compared with controls ( Figure  6C ), evident as leftward shift, and suggesting that Nodal signaling may affect c-myc protein phosphorylation and stability.
To correlate increased c-myc protein downstream of Nodal signaling with transcriptional changes, we performed QPCR analysis of a subset of reported c-myc target genes in breast cancer and observed deregulation of multiple c-myc targets, including CYCLIN D1, p21, p27 and WNT5A in Nodal knockdown cells ( Figure 6D ). The dramatic impact of c-myc on gene regulation stems in part from its ability to modify chromatin structure. Myc proteins have been shown to recruit many histone modifying enzymes to modulate global transcription in cancer and development [15] [16] [17] . To determine whether c-myc-associated histone marks are altered in the absence of Nodal, we performed Western blotting for histone H3 trimethylated at lysine 4 (H3K4Me3) or lysine 27 (H3K27Me3), marks associated with gain and loss of c-myc transcriptional activity, respectively [18] . We found that H3K4Me3 decreased in the absence of Nodal signaling, while H3K27Me3 was upregulated. These results demonstrate global changes in chromatin structure downstream of Nodal signaling in breast cancer cells, consistent with increased c-myc expression and maintenance of an open, stem-like chromatin landscape ( Figure 6E ).
To determine the relationship behind c-myc stabilization and p27 destabilization in the absence of Nodal signaling, we investigated well-known relationships between these events and activation of the ERK pathway [12, 19] in breast cancer cells. Active ERK can phosphorylate c-myc protein to stabilize it against degradation and likewise phosphorylate p27 protein to promote its destruction. Additionally, TGFβ family members have been shown to activate ERK signaling. In fact, ERK activity can be detected in breast cancer biopsy samples by immunohistochemistry in areas that also express Nodal ( Figure 7A ). To assess whether Nodal signaling might affect c-myc and p27 protein stability through the stimulation of the ERK pathway, we stimulated control or Nodal-knockdown cells with Nodal in the presence or absence of U0126, an ERK inhibitor, and examined the effects on c-myc and p27 protein levels by Western blotting ( Figure 7B ). In both MDA-MB-231 and MDA-MB-468 control cells, Nodal stimulation stabilized c-myc protein and repressed p27, but not in the presence of U0126. In MDA-MB-231 knockdown cells, Nodal stimulation also stabilized c-myc and repressed p27 in an ERK-dependent manner. In contrast to the effect on MDA-MB-468 control cells, Nodal stimulation did not activate ERK or stabilize cmyc in MDA-MB-468 Nodal-knockdown cells, again indicating that with the absence of Nodal, these cells may become progressively less able to respond to Nodal signaling. Interestingly, MDA-MB-468 cells did activate ERK and stabilize c-myc in response to EGF stimulation. Collectively, these data indicate that Nodal signaling stabilizes c-myc and destabilizes p27 by activating the ERK pathway in breast cancer cells.
In order to correlate Nodal activation of ERK signaling with post-translational modifications to p27 and c-myc proteins, we stimulated Nodal knockdown cells with Nodal in the presence or absence of U0126 and performed two-dimensional Western blotting ( Figure 7C ). Consistent with our hypothesis, Nodal stimulation produced a shift in isoelectric point, suggesting increased phosphorylation of p27 and c-myc, which was dependent on ERK activation. Interestingly, c-myc protein is completely lost in MDA-MB-468 Nodal knockdown cells treated with U0126, perhaps indicating that c-myc expression is solely dependent on a combination of Nodal and ERK signaling in these cells.
Taken together, our studies demonstrate that Nodal signaling is required for the full malignant potential of triple-negative, basal-like human breast cancer cells, both in vitro and in vivo. Further, our studies suggest that this embryonic morphogen may have widespread impact in coordinating tumor cell plasticity and cell cycle programs through ERK activation and downstream regulation of c-myc and p27 proteins ( Figure 7D ).
Molecular cross-talk between Nodal signaling and the Ras-ERK pathway
The Ras-ERK pathway is activated in many human cancers, either by genetic mutations or by overexpression of growth factor receptors and ligands. Once activated, Ras-ERK signaling participates in virtually all of the acquired phenotypes of self-renewal, plasticity and resistance to therapy that characterize aggressive breast cancer. In regulating transcriptional programming, active ERK phosphorylates c-myc at serine 62 to stabilize an otherwise short half-life of the protein. Because c-myc activates transcription of many of the growth factors that stimulate ERK, an autocrine/paracrine loop can be established during cancer progression to autonomously support proliferation and survival. Inhibition of ERK in breast cancer cells leads to rapid loss of c-myc by proteasome-mediated degradation and attenuation of the c-myc driven transcriptional program [31, 33, 34] , similar to that observed upon loss of Nodal. While c-myc can be regulated transcriptionally by TGFβ signaling [30] , our studies did not reveal significant changes in c-myc mRNA levels. Rather, we found that c-myc is regulated post-translationally by Nodal signaling through the ERK pathway. Interestingly, fewer than 25% of human cancers with high c-myc protein expression harbor mutations in the CMYC gene itself or upregulation of the transcript, implicating posttranslational c-myc stabilization mechanisms in cancer [31, 32] .
Cell growth and survival are also regulated by Ras-ERK through downstream targets. ERK can activate p15, p16 and p21 to arrest the cell cycle, or cooperate with the PI3K-mTOR pathway to suppress p27 and allow activity of cyclinE/cdk2 complexes and Rb phosphorylation to promote cell cycle entry. P27 is a target of both c-myc and ERK activity and P27 expression correlates negatively with breast tumor grade and prognosis [11] . Like c-myc, p27 seldom harbors mutations in cancer, suggesting cancer cells may require p27 at some point in their development, but may misappropriate control of its activity to permit growth [40] . Notably, another TGF-β family member, TGF-β itself, has been shown to positively regulate p27 protein levels in the early stages of breast cancer development, consistent with the inhibitory role of TGF-β signaling at this stage [44] . In later stages of tumor progression, TGF-β assumes an oncogenic function and cells no longer respond to TGF-β signaling with p27-mediated growth arrest and apoptosis. Although the mechanism underlying this switch in activity remains unknown, changes in ERK activation is a possibility.
In addition to regulating growth, ERK can repress apoptosis in cancer cells by activating BCL2 and BCL-xl and repressing Bim and Bad, stimulate invasion through Rho/Rac activation and mediate cancer cell interactions with the stroma that stimulate angiogenesis. While both MDA-MB-231 and MDA-MB468 cells require Nodal-stimulated ERK activation for growth, their disparate responses to Nodal loss may highlight different oncogenic pathways activated in the two cell types. MDA-MB-468 cells respond to Nodal knockdown with proportionally more apoptosis than do MDA-MB-231 cells, but less inhibited proliferation as seen by BrdU incorporation. As MDA-MB-468 cells harbor a homozygous deletion of Rb and oncogenic activation of PTEN, they may be less sensitive to cell cycle arrest in G1, but dependent on Nodal signaling to integrate ERK and AKT activated pathways and suppress apoptosis.
Conversely, Nodal knockdown in MDA-MB-231 cells slows proliferation and reduces in vivo engraftment capability more than in MDA-MB-468 cells. An explanation may be that p16 is inactivated in MDA-MB-231 cells along with KRAS activation, which may indicate a dependence on circumventing cell cycle inhibitors in G1 and vulnerability to the cell cycle inhibitory function of p27. Furthermore, c-myc signaling is known to regulate WNT5A/B in MDA-MB-231 cells [26] , with downstream effects on plasticity and self-renewal, which may be reflected by the diminished ability of Nodal knockdown MDA-MB-231 cells to engraft in vivo.
Conclusion
ERK activation is in fact essential for the tumorigenicity of triple-negative breast cancers, yet mutations in the pathway are uncommon and the root cause of ERK activation in many of these tumors remains obscure. Our data uniquely demonstrate that Nodal signaling activates the ERK pathway in triple negative breast cancer cells and is required for downstream ERK-dependent phenotypes, including c-myc stabilization, histone modifications and suppression of p27. In the absence of Nodal signaling, breast cancer cells undergo cell cycle arrest, apoptosis and decreased invasiveness, similar to that observed during ERK inhibition [35, 36] . Our working model ( Figure 7D ) demonstrates the ability of Nodal signaling to activate the Ras-ERK oncogenic signaling pathway in breast cancer and suggests that Nodal may be a widely-relevant therapeutic target to limit the plasticity and renewal of breast cancer cells and additional cancers where Nodal is reactivated. Nodal regulates p27 and c-myc protein levels and post-translational modifications through ERK activation in breast cancer cells. A) A representative immunohistochemistry result shows increased expression (red brown staining) of active ERK in a Nodal positive (brown staining) breast cancer biopsy section (200× original magnification). B) Indicated cells were stimulated with rhNodal (100 ng/ml), U0126 (2μM) or EGF (50 ng/ml) for 6 hours as indicated and protein expression determined by Western blotting. C) Cells were stimulated as indicated and lysates subjected to isoelectric focusing and two-dimensional western blotting. Data are representative of two experiments. D) Targeting Nodal in breast cancer cells disables multiple pro-tumor processes, including ERK activation, downstream stabilization of c-myc, destabilization of p27 and modification of c-myc pro-tumor target gene expression.
